Purpose: To investigate the relationship between laser speckle flowgraphy (LSFG) and optical coherence tomography angiography (OCTA) measurements of the peripapillary retina and optic nerve head (ONH) in normal eyes and eyes with primary open-angle glaucoma (POAG). Patients and methods: One eye from each of 46 normal subjects and mild and moderate/ advanced POAG patients were included. ONH blood flow acquired by LSFG, circumpapillary vessel density (cpVD, a 250 μm-wide elliptical annulus around the optic disc), and intrapapillary vessel density (ipVD, a 1.5×1.5 mm scan field) acquired by OCTA were measured. Their values were compared among normal controls and patients at each stage of glaucoma using one-way ANOVA, and the correlation between measurements obtained by the two methods was examined by univariate regression analysis. Results: ONH tissue blood flow, tissue mean blur rate (MBR-T), and cpVD in the outer layer of the retina significantly decreased with the progression of glaucoma stage, although the latter showed no significant difference between normal subjects and mild-stage glaucoma patients. MBR-T was significantly correlated with cpVD, but not with ipVD, in the retinal outer layer. Conclusion: A correlation was found only between MBR-T and cpVD in the retinal outer layer. A difference in MBR-T, but not in cpVD, was detected between normal controls and mild glaucoma patients.
Introduction
Glaucoma is a multifactorial disease in which various factors such as aging, myopia, diabetes, sleep apnea, oxidative stress, and family history are involved. [1] [2] [3] [4] [5] Currently, inducing a decrease of IOP is the only evidence-based treatment. 6 However, there are cases in which, despite IOP being kept sufficiently low, disease progression occurs in terms of the visual field, so that factors that are not dependent on IOP may also be involved in disease progression. Ocular circulation abnormality has been pointed out to be one such factor. 7 Laser speckle flowgraphy (LSFG) was first taken to measure optic nerve head (ONH) circulation in animal in 1995 and in humans in 1997. 8, 9 LSFG has been used in many ocular blood flow studies. 10 The updated model of LSFG, LSFG-NAVI (Softcare Co., Ltd., Fukuoka, Japan) was approved as a medical apparatus by the Japanese Pharmaceuticals and Medical Devices Agency in 2008. It has adopted a new index: mean blur rate (MBR), the relative velocity index of erythrocytes. 11 LSFG-NAVI can measure the MBR in the ONH, retina, and choroid non-invasively and with high reproducibility in normal eyes as well as glaucomatous eyes. 12, 13 Animal studies showed that the MBR in the ONH tissue, measured by LSFG-NAVI, and the ONH capillary blood flow, acquired by hydrogen gas clearance methods, were highly correlated, suggesting that MBR in the ONH tissue is usable for interindividual and intergroup comparisons. 14, 15 Optical coherence tomography angiography (OCTA) can obtain 3D retinochoroidal blood flow images which can be analyzed by layer using split-spectrum amplitudedecorrelation angiography to rapidly and accurately produce high-quality vascular images. 16, 17 The circumpapillary vessel density (cpVD) obtained by OCTA was found significantly associated with the progression of visual field defects in glaucoma. 18, 19 Not limited to glaucoma, OCTA was reported to detect optic disc perfusion for non-arteritic anterior ischemic optic neuropathy. 20 Recently, in a comparison of MBR obtained by LSFG with the peripapillary relative intensity (PRI) acquired by OCTA, superficial-choroidal PRI was found significantly correlated with MBR in the ONH tissue area. 21 Another study found OCTA vessel density had a higher glaucoma diagnostic ability compared to LSFG parameters in patients with normal tension glaucoma (NTG). 22 Thus, LSFG and OCTA are both useful tools for managing glaucoma, and it is considered to be meaningful to investigate the relationship between the two more deeply.
The aim of the current study is to investigate in greater depth the relationships between the two methods; to this aim, we analyzed the correlation of ONH blood flow analysis by LSFG and cpVD, as well as intra-papillary vessel density (ipVD) acquired by OCTA, in normal and glaucomatous eyes.
Materials and methods
In this prospective study, 14 normal subjects and 32 glaucoma patients (mild stage: 16, moderate or advanced stage: 16) were included. Glaucoma patient staging was performed using the Anderson & Patella classification. 23 One eye of each of these 46 subjects was randomly selected to be included in the analysis. This study was double-blind.
Glaucoma patients had been undergoing topical therapy with a variety of anti-glaucoma eye drops, including prostaglandin analogue solutions (latanoprost, tafluprost, travoprost, or bimatoprost), beta-adrenoceptor blockers (timolol or carteolol), carbonic anhydrase inhibitors (dorzolamide or brinzolamide), an alpha2-adrenoceptor agonist (brimonidine), and a rho kinase inhibitor (ripasudil).
Exclusion criteria included smoking, severe cataract, retinal or optic nerve diseases other than glaucoma, high myopia (refractive error worse than −6.00 D), systemic diseases that may affect ophthalmic blood flow such as systemic hypertension, diabetes mellitus, and any systemic medication able to alter ocular blood flow, such as calcium blockers. The study was conducted in strict adherence to the tenets of the Declaration of Helsinki, and its protocol was reviewed and approved by the Institutional Review Board/ Ethics Committee of Osaka Medical College (No. 2534). Written informed consent was obtained from the subjects of the study.
The patients were instructed not to drink coffee or alcohol for 1 day prior to the measurements with LSFG and OCTA. Mydriasis was induced with 1-2 drops of topical 0.5% tropicamide (Mydrin M ophthalmic solution; Santen Pharmaceutical Co., Ltd., Osaka, Japan) before measurements. About 3 hrs after eating, 1 hr after mydriasis, LSFG and OCTA measurements were taken at about the same time in the morning. ONH blood flow was measured in a sitting position. Each measurement was repeated 3 times using LSFG (LSFG-NAVI; Softcare Co., Ltd.). The principles by which ONH blood flow can be determined using LSFG have been previously described. 10, 24 The MBR values in the tissue and vascular areas of the ONH (MBR-T and MBR-V, respectively) were automatically calculated using the LSFG Analyzer software (version 7.0.26.0, Softcare Co., Ltd; Figure 1A and B). The average of these three measurements was used in data analysis.
The OCTA, namely an RS 3000 Advance (NIDEK Co., Ltd., Tokyo, Japan), was used to analyze cpVD (a 250-μmwide elliptical annulus around the optic disc) and ipVD (a 1.5×1.5-mm scan field; Figure 1C ). The images were obtained using a spectral domain-OCT device with a central wavelength of 880 nm, an acquisition speed of 53,000 A-scans/s, and an axial and transversal resolution in tissue of 7 and 20 μm, respectively. Scans were obtained from 3 × 3 mm cubes, with each cube consisting of 256 clusters of four repeated B-scans centered on the ONH. OCTA was also measured in a sitting position. OCTA characterizes vascular information at each retinal layer as an en face angiogram. In the current study, we used vessel density measurements at the retinal surface, outer retinal, choroid, and lamina cribrosa layers. Based on these default settings, the radial peripapillary capillary plexus extended from the top of the internal limiting membrane (ILM) to 104 μm below it, while the outer layer of the retina extended from 109 μm below the top of the ILM to the retinal pigment epithelium (RPE), the choroid extended from 4 to 125 μm below the RPE, and the deep capillary network at the lamina cribrosa extended from 63 to 376 μm below the ILM.
Statistical analysis
We compared MBR values (MBR-T, MBR-V) and vessel densities (cpVD, ipVD) among normal controls and patients at each stage of glaucoma using one-way ANOVA, and also examined correlations between MBR values and vessel densities using univariate regression analysis. Statistical analysis was performed using BellCurve for Excel (Social Survey Research Information Co., Ltd., Tokyo, Japan) and P<0.05 were considered to be statistically significant.
Results
There were no significant differences among the groups in terms of age, sex and refractive error ( Table 1 ). Significant differences were found in MBR-T between normal subjects and patients with mild-stage primary-open angle glaucoma (POAG), and between mild-stage patients and those with moderate to severe POAG (Figure 2A ). The cpVD in the outer layer of the retina of POAG patients in the moderate to severe stage was significantly lower than that of mild-stage patients and normal subjects. However, no significant cpVD difference was found between normal subjects and patients with POAG in the mild stage ( Figure 2B ). On the other hand, no significant differences in MBR-V, cpVD in other layers, or ipVD in any layer were found in any group comparison (Tables 2 and 3) .
Regarding the correlation between measurements performed with LSFG and OCTA, MBR-T was significantly correlated with cpVD in the outer layer of the retina (Figure 3 ), and no other significant correlations were found between parameters obtained by the two methods (Tables 4 and 5 ).
Discussion
In the analysis of the correlation between measurements performed with LSFG and OCTA, the only significant correlation was that between MBR-T and cpVD in the outer layer of the retina. On the contrary, no significant 
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correlation was observed between the MBR values and ipVD. Our study also found significant differences in MBR-T among normal subjects, mild glaucoma, and moderate to severe glaucoma, while a significant difference was not found in cpVD between normal subjects and mild glaucoma. As mentioned above, MBR-T was significantly correlated with cpVD in the outer layer of the retina, but not in the other layers. The outer layer of the retina was defined as 109 μm to RPE under the ILM, which is around the anterior lamina cribrosa in our study. A previous study reported that MBR-T in the rabbit was highly correlated with capillary blood flow near the lamina cribrosa, obtained by the hydrogen gas clearance method. 14, 15 Another study reported that the high correlation between reduction in blood flow measured by LSFG and the microsphere method provides evidence that MBR-T is an index of blood flow in a deep ONH region. 25 The significant correlation between MBR-T and cpVD in the outer layer of the retina in the current study was consistent with these previous reports. Moreover, a recent study revealed that both MBR-V and MBR-T were correlated, in particular, with the retinal surface layer and choroidal surface layer, 21 while MBR-V did not correlate with any vessel density in our study. This discrepancy might be due to differences in measurement area and to the use of different OCTA models.
In the current study, neither MBR-T nor MBR-V correlated with ipVD. A critical problem in measuring ipVD is that large retinal vessels can shadow the tissue below, or be projected as artifacts onto the highly reflective tissues below. 26 In other words, it may be difficult to visualize microvasculature in the deep portion of the ONH by OCTA. In fact, cpVD has been reported to have a higher diagnostic ability than ipVD. 27 That may be the reason why ipVD showed no correlation with MBR in the present study. Another OCTA, such as Optovue (Fremont, CA, USA) with a 3D projection artifact removal technique, might yield different results. In the present study, both MBR-T and cpVD in the outer layer of the retina were significantly lowered with glaucoma stage progression, although cpVD showed no significant difference between normal subjects and patients with mild-stage glaucoma. A previous report found MBR-T to be significantly associated with structural and visual field damage in glaucomatous eyes. 28 On the contrary, Rao et al found that the diagnostic ability of the vessel density parameters of OCTA was only moderate. 27 Another study revealed that cpVD is useful for differentiating moderate and advanced glaucoma, while MBR-T is useful for identifying early glaucoma. 29 These previous reports are consistent with our results. Our result that retinal outer layer cpVD, but not ipVD, was lowered with the progression of glaucoma is also consistent with a previous report. 27 The current study showed that MBR-T, but not MBR-V, significantly decreased with the progression of glaucoma stage. However, it was reported that both MV and MT were lower in the OAG subjects than the controls. 21 One reason for this discrepancy may lie in the fact that divided glaucoma patients into two groups based on stage of disease and compared MBRs among the two glaucoma and one control groups. The previous study included relatively advanced stage glaucoma patients, while included patients in the mild glaucoma group in our study were relatively early-stage glaucoma patients. To date, MBR-T in the ONH has been shown to better correlate with capillary blood flow, 14, 15, 25 than MBR-V, suggesting that MBR-T in the ONH is more quantifiable than MBR-V. In contrast to MBR-V, MBR-T in the ONH also significantly correlated with retinal nerve fiber layer thickness in patients with glaucoma. 28 Together, these findings help to put into context the results in the current study.
Several limitations of the present study should be noted. First, our sample size was relatively small. Larger prospective studies are needed in the future. Second, we did not evaluate potential confounders such as blood pressure, ocular perfusion pressure, or anti-glaucoma medications. These factors might affect, in particular, the differences in MBR-T and cpVD among normal subjects and patients with various stages of glaucoma.
Conclusion
The present study revealed a significant correlation between MBR-T and cpVD, but not ipVD, in the retinal outer layer. In order to monitor the decrease of ONH blood flow with glaucoma progression, MBR-T was the most sensitive measurement, followed by cpVD, while ipVD was not very useful.
